Abstract. To follow the developmental effects of feeding of the insect host after long starvation periods, the population density and composition of an established infection of Trypanosoma cruzi in the rectum of Triatoma infestans were determined 60 days after the last feeding (daf) and then at different intervals after feeding. The original population decreased and then increased up to the 10th daf. In starved bugs, about 30% were spheromastigotes (including intermediate forms), 20% epimastigotes, and 50% trypomastigotes, but one daf, these forms represented 2%, 70%, and 10%, respectively. In addition, one daf there were about 10% giant cells, i.e., a multiple division stage. In the following two days, this form represented on average 30-50% of the total population, but it then disappeared nearly completely. Thus, giant cells evidently develop by rapid growth of epimastigotes, if conditions become optimal after long starvation periods of the vector.
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Trypanosoma cruzi, the etiologic agent of Chagas' disease, is transmitted by triatomine bugs. In the bug's intestinal tract, many different developmental stages of T. cruzi appear, as had already been drawn in the original description of the species by Chagas. 1 Beside the three main stages (epimastigotes, trypomastigotes, and spheromastigotes), a variety of intermediate stages develop that can be summarized as flagellates with either a drop-like shape (intermediates between spheromastigotes and epimastigotes or trypomastigotes) or a slender shape (intermediates from epimastigotes to trypomastigotes). 2 The biological importance is known only for some stages. The metacyclic trypomastigotes develop in the rectum and are infectious for mammals. Epimastigotes are, in contrast to trypomastigotes, able to multiply and colonize the whole intestinal tract of the vector. Both stages dominate in an established T. cruzi population of regularly fed bugs, in which spheromastigotes rarely occur. Their percentage increases in the rectum of starved bugs as an adaptation of the flagellate to stress conditions. 3 An investigation of the T. cruzi population after the change of the nutritional situation by feeding starved bugs offers the possibility to clarify the further development of the spheromastigotes and drop-like stages.
MATERIALS AND METHODS
The strain of T. cruzi (Chile 5) was isolated from Triatoma infestans that originated from Cachiyuyu. 4 It was maintained cyclically between mice and bugs or stored frozen at Ϫ78ЊC.
5 Triatoma infestans strain Chile originated from the same locality in Chile. Three separate stocks were initiated in 1979, 6 and all were mixed in 1991. The bugs were fed on hens and reared at 26Њ Ϯ 1ЊC and 60-70% relative humidity on a 16 hr : 8 hr light : dark photoperiod. 7 First instar nymphs (L1) of Triatoma infestans were fed on T. cruzi-infected mice (about 3 ϫ 10 6 blood trypanosomes/ml). Groups of about 150 fully engorged L1 were maintained in two-liter beakers. 2 In vitro cultured symbionts isolated from a domestic population of Triatoma infestans (Reintjes N, Schaub GA, unpublished data) were added after feeding. Bugs were fed on hens every three weeks, finishing 13 weeks postinfection (pi) with L4. Only totally engorged insects were selected; the feeding state was also indicated by the molt to the fifth instar within 18 days after feeding (daf).
Ten bugs were dissected after a starvation period of 60 days; other nymphs were fed on hens and 10 L5 for each time point were dissected (1, 2, 3, 5, and 10 daf). The population density was determined for the rectal wall and the rectal lumen using Neubauer hemocytometers. Smears were made of each sample 8 and after Giemsa staining more than 150 flagellates were classified into 19 different forms, which were then summarized into the three main groups: spheromastigotes, epimastigotes, trypomastigotes, as well as two intermediate forms (between spheromastigotes and epimastigotes or trypomastigotes and between epimastigotes and trypomastigotes) 2 and multiple division forms (giant cells). This classification was impossible at very low population densities. A two-factor analysis of variance (ANOVA) was calculated using the software of SAS Institute, Inc. (Cary, NC) and a significant ANOVA was followed either by a Duncan's multiple range test 9 for one significant factor or by the Student's t-test if the combination of the two factors was significantly different.
RESULTS
Population density. The rectums of bugs that had starved for 60 days (21 weeks pi) each contained about 86,900 T. cruzi (range ϭ 2,500-264,100) ( Table 1) , and the rectal lumen contained about 66,400 flagellates, i.e., about 75% of the total population.
One day after feeding the bugs, the total rectal population had not changed. The next day the rectal population was reduced to about 51,100 flagellates/bug and on the third daf the number had decreased slightly again, ranging between 2,400 and 75,000. Within the first three daf, the number of flagellates in the lumen and on the wall was similar. Afterwards, the population increased more than three times to about 101,200 flagellates/bug at five daf and to about 336,000 flagellates/bug at 10 daf. This increase was mainly due to the increase of the attached flagellates, about twothirds of the total population. Only the mean number of flagellates at 10 daf in the lumen and on the wall was significantly different from other populations (P Ͻ 0.05, by Duncan's test). Developmental stages. When the percentages of the different developmental stages in the population of bugs that had starved for 60 days were compared, trypomastigotes dominated in the rectal lumen and on the wall with about 50%, followed by 20% epimastigotes (Table 2) . Spheromastigotes were significantly more frequent in the rectal lumen (23%) than on the wall (7%) (P Ͻ 0.001, by Student's ttest). Drop-like intermediate stages were more common (11% and 15%) than slender intermediate stages (2%).
One daf of starved bugs, the percentages of the different stages of T. cruzi in the rectal lumen and on the wall showed a statistically significant change (P Ͻ 0.05, by Duncan's test), with the exception of the slender intermediates (Table  3) . Epimastigotes dominated, with 73% and 78%, respectively, of the total population of parasites. The percentage of trypomastigotes had decreased to less than 10%, and spheromastigotes and drop-like intermediate stages were less than 6% for both the lumen and the wall. A stage previously not observed, giant cells, comprised 9% of the parasite population (range ϭ 1-19%). These giant cells possess a high cytoplasmic mass, many nuclei, kinetoplasts, and free flagella.
Between one and two daf, the percentages of trypomastigotes, spheromastigotes, and drop-like intermediate forms showed only a small but statistically significant change (P Ͻ 0.05, by Duncan's test) within that period of time. The percentage of slender intermediates did not change in the lumen, but there was a statistically significant increase of parasites attached to the wall (P Ͻ 0.001, by t-test). The percentage of giant cells showed a statistically significant increase (P Ͻ 0.05, by Duncan's test) to about 38% (range ϭ 10-70%) in the rectal lumen and 22% (range ϭ 14-30%) on the rectal wall. Between two and three daf, the percentages of the different developmental stages had not changed in the rectal lumen with the exception of the slender intermediates (Table 2) .
At three, five, and 10 daf, the percentages of epimastigotes and spheromastigotes did not change. The percentage of trypomastigotes, however, showed a statistically significant increase (P Ͻ 0.05, by Duncan's test) in the lumen from 5-15% to 35% and on the wall from 12-29% to 52%. The percentage of giant cells showed a statistically significant decrease between three and five daf in the lumen and on the wall (P Ͻ 0.05, by Duncan's test) from 30% to 13% and from 47% to 6%, respectively, and disappeared 10 daf.
DISCUSSION
When investigating parasite-invertebrate interactions between T. cruzi and the vector, the nutritional state of the bug is very important since it directly affects the flagellate that develops in the intestinal tract. 2, 10-12 The effects of starvation or feeding of the bug on T. cruzi, i.e., effects on the activity of the flagellate, the population density, and the population composition, have been recently summarized. 3, 10 The development of T. cruzi in the vector is affected by several factors, e.g., the strain of T. cruzi, the species and instar of bugs, the dose and duration of infection, and the temperature. 11, 13, 14 Detailed investigations of a system in which the T. cruzi and the vector strain originate from the same locality have only been performed with our system. The bugs had been collected in 1979 and were separated initially into three different stocks. To avoid inbreeding effects, the three original unselected stocks were mixed starting in 1991. Since the susceptibility of the bugs could have changed during 15 years of breeding and by mixing the three stocks, it is important to compare the present results for agreement with those previously obtained.
The effects of starvation and feeding on T. cruzi were previously investigated by Schaub in a long-term study after infection of the second instar of Triatoma infestans using a susceptible strain that had been selected from the three initial stocks and subsequent regular feeding conditions (intervals of 21 or 28 days). 2 After starvation periods of 21 or 28 days, the population density of the flagellates in the small intestine was lower than seven days before. 2 After a starvation period of 42 days (14 weeks pi), the rectums of fifth instars of Triatoma infestans, using one of the three initial stocks, were colonized by an average of 350,000 parasites. 12 After the same starvation period, but 15 weeks pi, the progeny of a mixture of the three Triatoma infestans strains contained about 200,000 flagellates. In three groups of the same batch, which were fed or examined after in vitro diuresis, the average total rectal population per bug was 400,000, 350,000, and 300,000 flagellates, respectively. 10 After starvation periods of 20, 30, and 60 daf (15, 16 , and 20 weeks pi) one L5 of Triatoma infestans (mixed strain) from a similar batch contained an average of 300,000, 350,000, and 120,000 flagellates/rectum, respectively. These numbers were further decreased by increasing starvation periods. 3 In the present investigation, the conditions were identical to the previous starvation study and the numbers of flagellates found were similar.
The distribution of the flagellates in the rectum of starved bugs was somewhat different in the previous investigations. At 28 and 42 daf, one-third of the T. cruzi population had been present in the rectal lumen of Triatoma infestans (L5). 2, 12 More recently, using the mixed strain of bugs, at 60 daf about two-thirds of the population was present in the rectal lumen, 3 and in the present investigation, after the same starvation period, the majority (75%) of the T. cruzi population was also in the rectal lumen.
Short-term effects of feeding were obvious even 4 hr after feeding: the total rectal population of T. cruzi was reduced by more than 50% and only one-seventh of the parasites were present in the rectal lumen. 12 After feeding, feces and urine were collected from individual bugs by restraining them above plastic tubes for a period of 3 hr. These excreta contained 30% of the original T. cruzi population; after feeding, the population in the lumen was about one-third of the total T. cruzi population. 10 In the earlier long-term investigation mentioned above, the effects of refeeding, in addition to those of starvation, were also evident. In L3 and L4, the number of parasites in the rectum increased within seven days after feeding or remained constant. The L5 showed a decrease at seven daf, but about one week later the number of parasites increased. 2 In the present investigation, feeding of the starved L5 resulted in a four-fold increase in the population density within 10 days.
In addition to effects on the population density of T. cruzi, the distribution of the different developmental stages of the flagellate was also affected by starvation and feeding. In regularly fed bugs with an established infection, the population composition was different from that in starved bugs. 3, 10 In most bugs, the epimastigote form was dominant, or the numbers of epimastigotes and trypomastigotes were similar. Spheromastigotes and the two intermediate forms were rare. 2, 10 Starvation up to 60 days caused a dominance of trypomastigotes (50%), and epimastigotes (20%) were less common than under regular feeding conditions. The percentage of spheromastigotes had increased during the starvation period from less than 5% to approximately 20%. Each of the two intermediate stages (slender and drop-like) reached up to 10% in starved bugs. 3 In the present investigation, the population composition of the developmental stages of T. cruzi 60 days after feeding was similar to that found in the previous study, 3 and only the percentage of the slender intermediate stages (2%) was significantly lower.
An investigation of the short-term effects of feeding bugs starved for 40 days, i.e., changes within 3 or 4 hr, showed that the percentages of trypomastigotes, spheromastigotes, and drop-like intermediates decreased, while the fractions of epimastigotes and slender intermediates increased, but no multiple divisions were recorded. 10, 12 FIGURE 1. Development of the different stages of Trypanosoma cruzi in the rectum of Triatoma infestans after starvation (dotted arrows) and a short (dashed arrow) or long (solid arrows) period of time after feeding the starved bugs.
In the present investigation, feeding of bugs starved for 60 days resulted 24 hr later in an increase in the percentage of epimastigotes (70-80%) and the appearance of 1-6% spheromastigotes or of the two intermediate stages. The percentage of trypomastigotes decreased within the first three daf but then increased. Giant cells resembling a multiple division form appeared in high numbers for a short period of time. Since the development of a high number of giant cells in the population of T. cruzi was described in the present study for the first time, we want to focus the discussion on this developmental stage, pointing out where multiple divisions had been mentioned in earlier reports, at what time of the life-cycle of the parasite they appeared, and from which stage(s) they originated, and consider what their biological importance is.
The giant cells have been mentioned in a few previous investigations (Alvarenga NJ, Universidade Minas Gerais, Belo Horizonte, Brazil, unpublished data), 15 but their proportion in the total rectal population and their localization within the intestinal tract have not been discussed. Brack 15 found cells with 6-8 nucleoli and kinetoplasts 24 hr after infection, and multiple divisions of T. cruzi were also described by Alvarenga (unpublished data) up to eight days pi. The present study showed that the development of giant cells of T. cruzi can be induced if long-term starved bugs were fed.
In the initial development of T. cruzi after the infection of the vector, the multiple division stages developed in the small intestine. 15 Alvarenga (unpublished data) also investigated the bugs a short time after the infection, but he did not separate the different parts of the intestinal tract. In the present investigation, the giant cells were found in the rectum of the bug. Due to the long starvation period, there were no parasites colonizing the small intestine.
Two pathways in the development of giant cells have been proposed. 1) Spheromastigotes develop to stumpy epimastigotes, which then multiply either by equal divisions (resulting into two slender epimastigotes) or by a multiple division. The multiple divisions develop to rosettes, from which slender epimastigotes originate. 15 2) Alvarenga (unpublished data) suggested that the multiple division stages of T. cruzi originate from spheromastigotes and should lead to epimastigotes, trypomastigotes, and drop-like stages. Since, in the present investigation, the percentage of spheromastigotes and drop-like intermediate stages decreased strongly within 24 hr after feeding, but no adequate increase in giant cells took place, the giant cells could not have originated from these round forms. However, the decrease in round forms within the first 24 hr seemed to be correlated with the increase of epimastigotes, and between 24 and 48 hr after feeding the percentages of epimastigotes decreased whereas those of giant cells increased. Since giant cells had been observed only rarely in previous investigations, the high percentage of these cells was surprising (up to 70% in individual bugs), and they appeared in high numbers for a short period of time after feeding.
The development of giant cells in both previous investigations 15 ( Alvarenga NJ, unpublished data) seems to be due to the optimal feeding conditions after an infection, resulting in a rapid colonization. In the present investigation, an optimal food supply was present but after long starvation periods. The strong improvement in the nutritional conditions induced the generation of cytoplasm and cell organelles uncoupled from cell division processes. The following division restored the population, whose numbers had been reduced by the previous starvation.
The present study shows for the first time that the development of a usually rare stage of T. cruzi, the giant cells, can be induced by feeding of starved vectors. The spheromastigotes and drop-like stages develop into epimastigotes, and the epimastigotes develop into these multiple division stages (Figure 1 ). Using biochemical and molecular biologic analyses, e.g., a detailed analyses of the amino acid and protein/peptide composition of the intestinal fluid and the genes of the digestive enzymes it is now possible to identify the inducing factors and the regulatory genes.
